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TITLE OF PROJECT: Underlying Basis for the Effects of IronDist Special ':f
Oxidation State on Clay Swelling

STATEMENT OF PROBLEM: The objective of this project was to test the a3
hypothesis that the oxidation state of octahedral Fe in the crystal o

.Q

structure of swelling clay minerals affects the number of clay layers o

e

that expand and, thereby, the specific surface area and swelling of

the clay. A secondary objective was to determine more precisely %‘
the empirical relationship between octahedral Fe(lIl) and the gravi- e
_y . )
metric water content, mW/mC, when the clay is in equilibrium with E )
any swelling pressure, 1. L
Y
; ‘
-
’
SUMMARY OF RESULTS:  The effect of Fe(ll) in the crystal structure f:“
of the clay mineral nontronite on the fraction of clay layers that oy
%t
become completely collapsed was measured directly using a 2- \
by
ethoxyethanol surface area technique. Measurements showed that N _
[ )
up to 28% of the clay layers became completely collapsed as a o
result of Fe reduction, X-ray diffraction results also showed that -’ |
ce”
L
many layers become partially collapsed. Since the combined frac- ‘;}:
' tion of these types of layers increased with increasing Fe(ll) content "
in the clay and neither of these types of layers participates in the \"‘::
R
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swelling process, one necessarily concludes that Fe(ll) alters swel- i.‘
‘I'.'
ling by decreasing the number of layers that are capable of full o
U
i
expansion in the presence of water. "':;
Nyl
Ancillary studies associated with this project have also contri- o
o
buted the following: ;::_
5
- A possible method for large-scale, in situ alteration of Fe =
oxidation under field conditions using microorganisms to reduce ;‘
the Fe, m
1 '.
- The understanding that the effect of Fe(ll) on clay swelling is N
unique to Fe(Il) (i.e., does not occur with other divalent ions). 5 .:E
- A better understanding of the electronic and magnetic ex- e
change interactions that occur in the clay crystal structure in !.,.
the presence of Fe(ll). A
A%
o
- An improved and rapid method for determining Fe(ll) and total X o
Fe quantitatively in clay minerals.
- Development of methods whereby all of the Fe in an Fe-rich ,.
smectite can be reduced, thus opening the way for studies on \
limits of the effects on minerals and the impact of extensive l:

-

reduction on mineral integrity.
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Abstract - The effect of Fe oxidation state on the specific surface area,
Sm, of nontronite was studied using the < 2 ym, Na*-saturated fraction of
the SWa-1 and Garfield nontronites. The reduction of structural Fe(III) in
~he octahedral sheet of the nqntronite produced a decrease in Sm as
measured by the adsorption of 2-ethoxyethanol (EGME). The swellability
in water of the nontronite also decreased during reduction. The amount
of nonexchangeable Na* increased as the extent of reduction increased
and was highly correlated to EGME adsorption (r? = 0.97).

The relationship between specific surface area and equilibrium water
content for the reduced nontronite samples was also determined. This
relationship was compared to the theoretical relationship based on the
physical model for the swelling of clay particles in water. The decrease
in S, is explained by the collapse of expanded layers to unexpanded
layers. The effect of Fe(ll) on the swelling of clay in water is, therefore,

dependent on the forces which govern layer collapse.
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i‘:“i ’ 1 Introduction

'::.:.E 2 In a recent study, Stucki et al. (1984b) reported that the swelling of
" 3 aqueous dispersions of aluminosilicate clay minerals is substantially

-i‘: 4 | altered by the oxidation state of octahedral Fe in the clay crystal struc-
:é.: 5 ture, but all of the factors governing this relationship have yet to be

;:fo, 6 identified. The swelling of clays in their natural oxidation state has been

,.;:. 7 described by Low and coworkers (Odom and Low, 1978; Low and Marg-

;'::: 8 heim, 1979; Low, 1980) as a phenomenon deriving from the surface area of

:"" 9 the clay, obeying the empirical equation

. 10 In (1 + 1) = af(m/m_) + In B, (1]

;* ? 11 where I is the applied swelling pressure; mg /m, the gravimetric water

“' 12 content of the clay in equilibrium with 11; B, a constant that depends on

'f,t 13 the clay; and a, a function that varies directly with the specific surface
::E 14 | area available to water (S.). Hence, It varies directly with Spe The

15 reduced clays studied by Stucki et al. (1984c) apparently also obey this

: ' 1¢ equation, so a similar correlation between I and Sm should exist in re-

.2 ,\; 17 duced clays. If this is true, the specific surface area of reduced clays

‘\‘" 18 should be less than in the oxidized state, but such a correlation with S

:’RE 19 has yet to be established.

:2 20 The specific surface area of swelling clays can be attributed virtually
-‘-?'-. 21 | entirely to the planar surfaces of the clay plates. Any change in Sm must,

2"‘, 22 therefore, be accompanied by a loss of planar surfaces. The work of Viani
'\'?- 23 | etal. (1983, 1985) showed that T, for a wide variety of swelling clays, is a
!

> o2
o
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single-valued function of the distance, 1, between expanding clay layers,

: 1

2 and that differences in the swellability of clays is attributable to varia-

: 3 tions in the relative fraction of expanding vs. non-expanding layers rather
p 4 than to differences in Aa The correlation between I and S therefore,

. 5 exists because both depend on the same factor, namely, the force or

E 6 forces governing layer collapse. Results of Viani et al. (1983, 1985) also

h 2 indicate that clay surfaces which participate in swelling are similar in

, 8 their behavior toward water, regardless of the overall swelling properties
;

9 of the clay.

10 For the purposes of the present study, a distinction must be made

11 between completely and partially collapsed layers. The correlation be-
. 12 tween I and S| will deteriorate if the number of partially collapsed
; 13 layers increases because the swellability of the clay is determined by only
. 14 those layers which expand fully (Norrish, 1954; Foster et al., 1955;
15 Rhoades et al., 1969), whereas both fully expanded and partially collapsed
16 layers contribute about equally to the surface area. Recent evidence (Wu
17 et al., 1986) indicates that reduced clays possess a greater fraction of
18 | partially collapsed (x < 1.0 nm) layers than any of the clays studied by
19 | Viani et al. (1983), so a lower correlation between I and S_, is expected.
20 The purpose of the present study was to determine the effect of
21 Fe(Il) on Sy @nd thereby derive the relationship between 1 and Sm in
22 reduced clays; and, further, to examine the implications of such a rela-

23
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tionship on the relative fractions of expanded and partially and
completely collapsed layers.
Background

A physical model for the swelling of clay particles in water (Odom
and Low, 1978; Low, 1980) consists of n crystallographic layers (~ 1.0 nm
thick) oriented parallel. These layers may be subdivided into n-1 elemen-
tary layers, each consisting of one interlayer space and half of each clay
layer on either side (Figure 1). The mass of interlayer water within one
such elementary layer is given by a-xjp-/z, where a. is the basal surface

| J

area of a single clay layer, J\j is the distance between the superimposed

layers, and i is the density of the interlayer water. The total mass of

water occupying these interlayers, W;, will be simply the sum of all ele-
mentary layers, viz.,

n
Wl = z
J:

-1
1
Since water may also exist external to the clay crystal, the total mass of
water in the clay-water system is given by
W, =W, +W, (3]

where W is the mass of external water,

The specific surface area, Sj, associated with the planar surfaces of
each elementary layer is obtained by dividing a; by the corresponding

)

mass of clay, m;, within the elementary layer, giving

J"

S) = a]/m) [ua]

(R IP2L ]
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aj = Sjmj‘

If the mass of the clay layers is uniform, then m; will be a constant, m,

)
and Eq. [2] can be rewritten, after substituting [4b],

n-1
Wi=(n-)m ] Sppei/2 (5]

j=1
Ifn> 1, then(n-1) m = m,., the total mass of clay, and Eq. [5] can be

written
n-1
Wi =m jzﬂ Sirie;/2 (6]

Equation [3] may be expressed in terms of the mass ratio of water to

clay by substituting Eq. [6] for W;, and dividing by m, giving
n-1

Equations reported by Odom and Low (1978) and by Low (1980) are special
cases of Eq. [7].

For the purposes of the present study, the following simplifications
and assumptions are made, which follow previous work of Fink et al.
(1968), Fink and Nakayama (1972), Odom and Low (1978), and Low (1980):

a) Only three states or types of layers exist (Odom and Low, 1978) in
the clay-water system. These layers are designated as collapsed

.= . < 1.0 nm), and

(Aj =a,=0 nm), partially expanded (0.2 < xJ P

fully expanded (xj = Ag > 3.0 nm).

0203
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1 b) The density of water is the same in all interlayers, i.e., Py
c) Contribution of crystal edges to the total surface area, S., is negli-
2 t
gible and n >> |, hence
3 n-1
4 Sp= 1 Sj=Sy+Sp+Se (8]
J=1

5 And since fu + fp + fe = 1 (Odom and Low, 1978), where f is the

6 fraction of layers in the corresponding states, then the following
7 relationships also apply:

8 fu = SU/St H Su = fu St [9a]

9 fp = Sp/st H Sp = fp Sy (9b]
10 fe = Se/st H Se = fe St. [9C]
11 d) Assume St equals the theoretical maximum of 8- 108 cmZ/g.

12 e) As a consequence of (c),

13 Sm=Sp+Se=St—Su=(l—fu)St, (10]
14 where S is the available surface area, i.e., that associated with

15 either partially or fully expanded layers.

16 e) W, is directly proportional to W, (Fink et al., 1978), i.e., W, = b-

17 Wt’ where b becomes the fraction of total water that exists ext
18 nal to the clay crystal and (1-b) is the fraction within the clay
19 crystal.

20 Applying these assumptions and simplifications to Eqgs. [2] and [3]

21 transforms Eq. [7] to

22 (my,/mo)y = [A-BXL-E ) oy, S (f 2y + fo Ag) (1]

23
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Note frcm this relationship that the water content is related to Sm
by the factor §, where

§ = [2A1-bX1-£ )T Yoy, (£ a) + £, 2 ), (12)

wop'p
MATERIALS AND METHODS
The clays used in this study were the < 2 um fractions of SWa-1
ferruginous smectite (Source Clay Minerals Repository, The Clay Minerals
Society) from Grant County, Washington; and Garfield nontronite (API
33-a, Wards Natural Science Establishment). The molecular compositions
of these clays are respectively (Goodman et al., 1976; Stucki et al., 1984b)
Nao.a 1(Si7.3oAlo.7o)(Alx.osFezn 3Mgo.zs) OZO(OH)“

and

Na_ _ (Si

0.91 7.12A10.88)(A10.

MgO-]lFe3+3.72Fe2* )O2O(OH)M

19 0.008

The clays were Na* saturated, dialyzed, and freeze-dried.

The reduction of clay suspensions in citrate-bicarbonate buffer
solution with sodium dithionite (Na,S,0, ) salt was accomplished as des-
cribed by Lear and Stucki (1985) and the swellability in water by the
method of Stucki et al. (1984c). The specific surface area of clay gels
was determined using the method described by Odom and Low (1978),
which was patterned after the 2-ethoxyethano! (EGME) method of Carter
et al. {1965). Implicit to this method is the assumption that EGME wets

the same surfaces as water. Freeze-dried samples were equilibrated for

O2x
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20 days and weighed. Both operations were carried out inside a glove box
(Vacuum/Atmospheres Model HE-43 Dri-Lab equipped with a Dri-train)
with an atmosphere of less than 10 ppm O, to prevent reoxidation of
reduced samples. The surface area of the sample was calculated from the
ratio of EGME adsorbed relative to Upton montmorillonite, which was
assumed to have an ideal surface area of 8-10% cm?/g. EGME is assumed
to form a monolayer on all surfaces available to water, thus producing
two layers within each partially or fully expanded elementary unit layer
of the clay.

Nonexchangeable Na* was determined on a series of reduced SWa-1
samples following the procedure of Stucki et al. (1984b) for layer charge
determinations, except the clay was first washed twice with 20 ml of
degassed 1 M LiCl, then three times with 30 ml of degassed, distilled
deionized H,O. Iron(ll) was measured as described by Stucki (1981) and

total Fe by atomic absorption.

RESULTS AND DISCUSSION
As shown in Figure 2, a significant inverse relationship exists be-
tween the amount of EGME adsorbed and the Fe(ll) content of both the
Garfield and SWa-1 nontronite samples, indicating that the oxidation state
of Fe has a significant effect on surface properties of the clay. Iron(ll)
has a similar depressing effect on the water adsorption of these clays

(Figure 3).
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Figure 2. Relationship between the amount of EGME adsorbed

relative to Upton montmorillonite (left ordinate) and the
corresFonding specific surface area, S, (right ordinate)
vs. Fe(ll) content of SWa-1 and Garfield nontronite

samples.
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Figure 3. Comparison of observed relationships between the
20 equilibrium water content (m,,/m.) at four different
applied pressures, 1, and Fe(ll) content of reduced SWa-1
21 (this study) and Garfield (Stucki et al., 1984b) nontronite
samples.
22
23
(SR E.)
TO TYPISTS — Start typing flush with left marginal line. Stop as close to right-hand margin as possible.
N‘:'I "'\ K N'."'\';\"\' \"' YOO "\ RLSOAES LR "\'\" et N \"- RS NI RN T N A A AT

4.

)
!

VI T A T

- i)

POl

P I Y P L

,._1:‘;

S

PrL e W pFLrEAS LS
IALEIE 1

PR A

. {.h



ha ol $a0 6of el Ve Yag { et bgt "at ’ aag el tat wra Ata aa 8ha g0 g0 5% 0% 090842 0"R 0"

The purpose of conducting EGME adsorption experiments was to
determine the specific surface area, Sm, of clays in their water-swollen
state as a function of Fe(Il) in the clay crystal. The amount of adsorbed
EGME will correlate directly with relative values of S_ only if (a) the

EGME wets the same surfaces as water, (b) the freeze-dried clay rewets

-SRI

to the same surface area as existed in the original swollen state, and (c) a

cy -
-

full monolayer of EGME develops on every available planar surface.

EGME is commonly accepted as capable of wetting the same surfaces

SR AL A TGS

as water, so this was presumed in the present study. To determine the

effect of freeze-drying on the ability of the clay to rewet, several freeze-

.# O o

dried samples were resuspended in deionized water and their equilibrium

.
L

water contents determined at 3 MPa applied pressure. The resulting

water contents were comparable to values obtained during the first wet-

J

5
R
C-

ting-drying cycle. Condition (b) was, therefore, fulfilled.

%

\

Verification of condition (c) was somewhat more difficult, but was

°

also considered fulfilled in this study based on the following observations.

Any of the following phenomena would change the amount of EGME

'?ll’l' l’

adsorbed: i) a rearrangement of clay layers resulting in the complete

-

collapse of some layers and a corresponding decrease in available surface

area; ii) a sufficient partial collapse of some clay layers to prevent more

PRI

than one layer of EGME to enter the elementary unit layer; and iii) a

T R Wy

Py

change in the interaction energy between the surface and the adsorbate

‘i"T

molecule, which could result in only a single layer or less of EGME within
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N 1 the elementary unit layer. Occurrence of either ii) or iii) would prevent
(N
)
]
‘::: 2 fulfillment of condition (c) above, and EGME adsorption would underest-
N .
i 3 imate S .
o 4 To test these possibilities, the extent of counterion fixation was
W
::' 5 measured and correlated with EGME adsorption. If during Fe reduction
S
b 6 some layers collapse completely, a portion of the exchangeable cation will
s:;' 7 become non-exchangeable or fixed between the layers. Figure 4 illu-
]
:E'. 8 strates that this does, in fact, occur. As the amount of Fe(ll) increased,
)
\}
4l 9 both the amount of non-exchangeable Na* (Table 1) and the fraction of
e 10 total exchange capacity neutralized by non-exchangeable Na* increased.
:" 11 Wu et al. (1987) observed a similar effect of Fe oxidation state on K*
&
‘9_'- 12 fixation in soils. The fact that some Na* was unavailable for exchange by
: 13 | Li" indicates that a number of elementary unit layers were unexpanded.
?‘l'
é;: 14 And since the fraction of total exchange capacity rendered non-exchange-
X
oy 15 | able was highly correlated with EGME adsorption (r? = 0.97), the two
: 16 measurements probably derive from the same phenomenon, i.e., the
. -
.;'. 17 collapse of fully and/or partially expanded layers to unexpanded layers.
)
‘ 18 | Hence, complete layer collapse accounts for most (97%) of the change in '
:: 19 | EGME adsorption, and ii) and iii) have little importance. It follows, then, {
]
¥ 20 that condition (c) is fulfilled and EGME adsorption is an acceptable g
Y
3 21 | method to calculate relative values of S, |. This does not preclude the
E 22 | existence of partially expanded layers, but does prove the existence of
:: 23 | completely collapsed layers and suggests that most partially expanded
~
O LK
] h
I“ )
I‘ D)
B .
! .
o
a
i:' . TO TYPISTS — Start typing flush with left marginal hine. Stop as duse to right-hand marg:in as possible. -

S0y o, o 4o A ) T Nl 1) AR CNS G A S Y




$2 Bip t0R B9 8% bop NRL» VR, AV VYUN UNURUWLY L SaR it W URIUAT . o 3 . LA s by MY W W T Ve T Mg N TV N R ‘o

e
15 S
o
~aee »
u:::
:
'ef
3
N
1 -~
1
2 ‘.,1
¥
3 »
>
4 .j',
|, <
5 g
2
6
c )
7 12. '.:
8 q .:
9 i 10.G 0-—=© SWa-1 [
o N
10 5 ol
0 -
ll . 7. S‘ \:
b Y-
> -~
12 2
G o
N »
c oM
14 + ;\
Zz 2.5 .
15 )
WO
16 Ky
c? N
17 8] 10 20 30 40 S0 ™,
Fedt (L of total Fe) el
18 g
19 =
20 -
N
21 Figure 4. The relationship between the amount of nonexchangeable 4
Na*, expressed as % of the total layer charge, and Fe(lI) e
22 content of SWa-1 nontronite sample. ;{
-
,.
-f~
[ .
o
|l' L]
"I
&)
Y
N
TO TYPISTS — Start typing Aush with left marginal Line. Stop as close to right-hand margin as possible.

P,

T AN A Y e T s Pt e TR AR T At AT A4 -
-n.;ﬂ\f LAY/ Jg_f\a._f,\v,.f,\r\f_‘a~.P,_.r\.r_.. e O LA " <, o

LB LSRN




TR R U U R U WU WU WO AL RN $ Saf Mgl ¥ Sa it §¥s @Fp d¥a )p - it Rt ottt et Bl iy R -l gt % L WSOV R LI AT O WO ¥l

16 a

PAGE X
) l:
‘]
¥
4
layers still allow entry of two layers of EGME into the elementary unit 4
1 3
layer. The nature of the surface itself apparently exhibits little or no i':r
2 4
attenuation of EGME monolayer adsorption. !
3 :
The data in Figure 2, therefore, also represent the relative values of :.;
4 “
Sy» using Upton montmorillonite as 800 m?/g, and show that the reduc- 3:
5 3N
tion of structural Fe in the crystal structure decreases Sy This observa- 3
6
tion is consistent with the adherence of reduced clays to Eq. [1] and with WA
7 N
the known effect of Fe(ll) on a, 1, and m, /m_. reported by Stucki et al. “
8 '
(1984b). Using these values of S, the corresponding fractions of unex- ¥
9
panded layers, fU, in reduced samples were calculated from Eq. [10] and N
10 A
plotted in Figures 6 and 7 for the SWa-1 and Garfield samples, respec- :
11 '
5 tively. Notice that the fraction of completely collapsed layers was about Y
1
13 20% or less for both clays over the range of Fe(ll) contents studied. %
)
14 Unless these layers are highly ordered in their stacking sequence, they ‘;.‘.
s
- - 15 likely will be undetected by the X-ray diffraction methods of Viani et al. hE
b,
(1983). N
16 A2
. &
Low (1980) showed for a series cf smectites that (m_ /m_),, deter- P
17 wiict ’,
)
18 mined at various applied pressures, was approximately proportional to Sy .'
19 indicating that & in Eqs. ([ 1] and [12] was constant for his samples. :‘;.
20 Similar plots were made for the reduced clays in the present study and are :f:
21 represented in Figure 5 by results obtained at 1=0.101 MPa. The value of L‘
[
22 § at any value of Fe(ll) is given by the slope of the curve at that point. N
Ly
~ -
53 | Asshown in the Figure, § was always positive but changed with the Fe(ll) '.:-
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Mg content of the clay. Statistical analyses of these plots produced approxi-
1 1
: mately equivalent agreement for either a curvilinear or multi-linear
i 2
.\!; regression, but regardless of form, the evidence clearly indicates
3
5:_ variation in § in both clays. Hence, either the assumptions on which Eq.
. 4
b2 [11]is based are invalid, or one or more of the terms in Eq. [12] varies
" 5
i with Fe(lD.
6
;..'.: Closer examination of Eq. [12] reveals that & depends on the fraction
l’|‘ 7
.:',: (b) of the total water that exists external to the elernentary unit layer,
S 8
' the density of interlayer water, and the fractions of and the distances
9
v separating partially and fully expanded layers. Notice that since f |
A 10
b . changes (Figures 6 and 7) with Fe(ll), values of fp and f, must also change
a8 1
“ 12 because the algebraic sum of all fractions must be unity.
X :: 13 Using Garfield nontronite and following the methods of Viani et ai.
>
:: 1a (1983), Wu et al. (1986) found that in the range of Fe(ll) contents reported
?
G Is in the present study, )‘p and A, are approximately 0.95 nm and 7.5 nm,
; 16 respectively, and independent of Fe(ll) content. Assuming a constant
' 17 valueof 1.0 g cm”™? for Oy and using measured values of mW/mC and Sm,
: 18 Eq. [11] can, therefore, be solved for fp at different values of b, giving
an . .
S 19 the relationship !
o~ L
o 20
< (my./me)y (2(1-b)) - 0, Spyre
B 21 P- T -a)o.S [13]
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20 Figure 6. Effect of Fe(ll) on the fraction of completely collapsed
(unexpanded) and partiatly expanded layers in the SWa-|
21 nontronite sample for various values of external water

content, b,

22

23

(RIS L]

TO TYPISTS — Start typing Rush with left marginal hine. Stop as close to night-hand margin as possible

e N A AT AT A A A N

R {.\f\‘-\‘. -‘-\- ,\-_. -

O N NN Y AT SR N A R T R R
B e A e A s

}{“

1{£.

- - . _~
A4

SR

N h
o 4

>

g

"%
CA

5

"/’t’/f

L

L P

g 4

SO S s AN L ) :

27

";“.w{'v

_' ,’,
-':'g"ﬁ.,)‘

'l('i

p;

4 %

1@
)

‘..' ..'.'
AN

n

-
-

e

@ r2l el
LR AN

A A
LS 00

P4



Vo 4'a e ¢V, 0 00" Bab’ . ‘A fal el B Ba¥® B aat Bl Bt ol Bat BB Mai fo¥ 4

a— —+ UNEXPANDED

+—— PARTIALLY EXPANDED,
6—o .

—o

—a

b—A

—v

Fraction of Layere

.4 . 8
Fe(lD (mmole/g)

Figure 7. Effect of Fe(ll) on the fraction of completely collapsed
(unexpanded) and partially expanded layers in the Garfield
nontronite sample for various values of external water
content, b.
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Figures 6 and 7 were obtained by plotting this equation for different
levels of Fe reduction at an applied swelling pressure of 0.101 MPa, and
represent the relationship between fraction of partially expanded layers
and Fe(Il) content of the clays. By substituting the appropriate value of
Ae» Plots at other swelling pressures can also be constructed. The value of
Ao apparently is invariant in the range of 1 and Fe(Il) studied here (Wu et
al., 1986), but it decreases at higher levels of Fe(Il). At very high levels
of reduction, A, becomes independent of 1 and varies with Fe(II) only (Wu
et al., 1986). Since the actual variation of b with Fe(II) and 1 is unknown
in these samples, such plots as shown in Figures 6 and 7 do not necessarily
represent reality but, rather, provide a probable range of allowable values
for fp and b. For example, since fp<0 is illogical, only those values of b
which produce fPZO are allowed. Consequently, at least 20% (b=.2) of the
water in the oxidized Garfield sample (Fe(Il)=0) must be external to the
interlayer space at equilibrium with an applied pressure of .101 MPa
(Figure 7). Only at higher levels of reduction can the external water
content be lower. The value of b=0 is allowed in the SWa-1 sample,

however. If b is unaffected by Fe(ll), values of f_ change only slightly

P
with increasing Fe(ll) and the observed variation in m,, /m_ is accounted

for entirely by the change in f ;. But notice that the value of {_ is very

P
sensitive to b. Further conclusions must await the measurement of b at

various levels of reduction and swelling pressures, at which time the

actual relationship between f_ and Fe(ll) can be determined.
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,' 1 In summary, the above discussion reveals that the specific surface
5 area of swelling clays decreases with increasing Fe(ll) in the octahedral
;. 3 sheet and that up to 20 and 28% of the layers become completely col-
.“' A lapsed in the SWa-1 and Garfield samples, respectively. Completely

D

",ti 5 collapsed layers are coexistent with partially and fully expanded layers,
:_.. 6 the relative fractions of which depend slightly on thte level of reduction
.‘ 7 and more significantly on the fraction of water in the clay that is external
K 5 8 to the interlayer space. The specific forces governing the collapsing of
‘ 9 layers are still unidentified, but are manifested in the decrease of both
"?(.‘ 10 | the specific surface area and the swellability in water of the reduced

vj‘x:: 11 nontronite samples. The effect of Fe(ll) on clay swelling, therefore, has
: 12 now been clearly identified with the forces governing layer collapse.
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the 1.0-nm peak will need to be resolved in terms of
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W ’ LAIRD ET AL.: ALKYLAMMONIUM CHARACTERIZATION OF SOIL CLAYS 1663

the mechanism and products of illite degradation by
alkylammonium cations.

Whenever the alkylammonium method of deter-
mining layer charge is used with clay samples, the pos-

Y5 S

;;:' sibility of errors from the K "-depletion of illite should
N be anticipated. The extent of illite K*-depletion will
' depend on the nature of the illite, the length of the
+I alkylamine hydrochloride treatments, and other ex-
Y perimental conditions. The incidence of this problem,
: however, can be clearly identified by determining the
v ; amounts of K* extracted by the treatments.
3, ,\ .
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" ABSTRACT
' Octahedral Fe(III) in the crystal structures of three different
* smectites was reduced to Fe(II) by actively growing microorganisms
s, indigenous to the clay. The smectites were SWa-1 ferruginous smec-
.‘.-' tite from Grant County, Washington: API 33a, Garfield Nontronite;
} ..:- and API 25, Upton montmorillonite. Bacterial growth was supported
s ; by incubating clay suspensions at room temperature in a nutrient
'.‘~: : broth solution consisting of peptone and beef extract. Some samples
‘f‘ ! were first sterilized (by autoclaving), then seeded with bacteria that
) had been isolated previously from the SWa-1 sample. The etfect of
. i O, on microbial reduction of Fe(II) was also tested. Resuits re-
B ! vealed that, in all three clays, about 0.30 mmol Fe(111)/g clay was
b : reduced to Fe(Il) by bacteria in a 28-day period. The specitic or-
:ﬂ ; ganism responsible for Fe reduction has yet to be classified. but it
. was more efficient in samples that had not been purged of O,, and
J‘: i it appears to be indigenous to the SWa-1 clay.
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Microbial Reduction of Structural Iron(IIT) in Smectites'

JosepH W. STUCKI, PETER KOMADEL, AND HENRY T. WILKINSON?

OF ALL THE ELEMENTS comprising the crystal struc-
tures of clay minerals, Fe is one of the most
interesting because it mav be oxidized or reduced in
situ. Oxidation state 1s significant because it affects a
number of physicochemical properties of clays (Fos-
ter, 1953; Kohvama et al.. 1973; Stucki et al., 1984c:
Stucki, 1987), which are of great importance to many
disciplines of science and in various agnicultural, in-
dustrial. and engincering applications. Changes in ox-
idation state occur during important natural processes
such as mineral weathering and water-logging of soils
and sediments. In virtually all of the studies where
changes 1in Fe oxidation state have been investigated.
the Fe was reduced by chemical reagents such as hy-
drazine (Rozenson and Heller-Kallai, 1976a; Stucki
and Roth. 1977), sodium disulfide (Rozenson and
Heller-Kallai, 1976b). or sodium dithionite (Rozenson
and Heller-Kallai, 1976a: Stucki and Roth, 1977; Rus-
sell ¢t al., 1979). The probability that any of these
reducing agents is a sigmficant factor in naturally oc-
curring processes 1s extremely low, so one cannot be
certain that the atorementioned relationships between
Fe oxidation state and clay properties are actually in-

voked by natural redox reactions. The reduction of

Fc(lll) to Fe(ll) by bacteria and other commonly oc-
curring microorganisms (Halvorson and Starkey, 1927;
Starkey and Halvorson, 1927, Roberts, 1947) has been
demonstrated with Fein solution (Takai and Kamura,
1966). in chelates (Cox. 1980), and in oxides (Ottow,
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persisted throughout the entire incubation period. The
slight reoxidation during days 6 to 14 (B, Fig. 1) is
likely the result of exhaustion of reduction potential
from the NB suspension, combined with some resid-
ual dissolved O. in the system. In the treatment con-
taining nonstenlized clay. microbial reoxidation of Fe
also may have occurred. but direct evidence is lacking.
Whether the Fe(lll)-reducing bacterium, P-1, also ox-
idizes Fe(1I) under certain conditions is unclear. Fur-
ther, soils are routinely autoclaved twice, on two con-
secutive days. to ensure complete sterilization. After
only one autoclave cycle, as in the present experi-
ments. surviving microorganisms could reduce a small
amount of Fe(II]), but analysis of experimental con-
trol samples indicated that this quanuty was insignif-
icant (Fig. 2).

After 28 d of incubation. the fraction of total Fe
reduced was 11.3%. The steady increase in Fe(ll) is
attributed to the activity of bacteria indigenous to the
clay. Curve A (Fig. 1) actually represents the net re-
duction due to all processes occurning in the system.
Since curve B represents the combined effect of NB
and dissolved O., subtracting B from A gives the net
reduction due to microbes (C, Fig. 1). The net result
is 8.2% reduction of total Fe after 28 d and 11% after
71 d (not shown). The rate of reduction was greatest
during the first 3 d. which then leveled to a very low
rate. These levels of reduction are sufficient to produce
substantial changes in clay properties (Stuck: et al.,
1984b, 1984c).

The presence of dissolved O, in the system has at
least two possible effects: first. as seen above in the
sterilized sample (B, Fig. 1), some reoxidation occurs;
and, second, the efficiency of the organism(s) depends
on whether it is aerobic or anaerobic, which in turn
will dictate the most favorable environment. In an
experiment to test the effects of O,, some samples were
purged with N. prior to incubation in order to mini-
mize any effect of dissolved O.. For sterilized samples.
the level of Fe reduction was initially much greater
(B, Fig. 2) than in unpurged samples (B. Fig. 2). in-
dicating that a substantial amount of reoxidation off-
sets the reductive influences of NB and bacteria during
the initial incubation period. Over 28 d. the amount
of Fe(II) remained about constant in the purged sam-
ple. When the same experiment was performed using
unsterilized clay (A. Fig. 2), the net efficiency of the
organism(s) at reducing Fe was much greater when O,
was present initially, in spite of some reoxidation. Cell
counts showed less microbial growth in the purged (1
X 10* CFU/mL) than in the unpurged (1 X 10" CFU/
mL) sample after 4 d. which confirms the relationship
between CFU and Fe reduction. [t is possible that the
net Fe reduction observed is duc to the combined cf-
fects of anaerobic and acrobic bactenia.

Experiments were expanded to include Upton
montmorillonite and Gartield nontronite. In these ex-
periments, the P-1 organism, sceded into stertle sam-
ples of all three clavs, produced (Table 1) similar lev-
els of reduction as observed by incubating the
unsterilized SWa-1 clay. Over half of the total Fe in
Upton was reduced. On the basis of absolute levels of
reduction, however. the extent of reduction was com-
parable in all three clays.

In summary, three simultaneous processes are oc-
curring in the clay-NB system: (i) reduction of the clay
by the components of NB: (ii) reoxidation of the clay
by dissolved O. in the system: and (i1i) microbial re-
duction of structural Fe in the clay, which is the dom-
inant effect. Indigenous organisms, when provided a
nutnient source, successtully reduced structural Fe(III).
The specific organism responsible for this reduction
(P-1) has yet to be classified. but it appears to be in-
digenous to the SWa-1 clay.
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BACKGROU. .
Intervalence electron transfer

In any mixed-valence compou: fthe type AUB,
the potenual exists for an elects in the B site to
transfer to the A site, creating A- . Minceralogical
examples of mixed-valence compou s include mag-
netite. ilvaite, and vivianite. Such in’ valencce electron
transfer can be used to enhance understanding of the
properties of mixed-valence mincerals. whether natu-
rally occurring or chemically produced.

IT transitions in minerals are observed as charge-
transfer bands in the optical spectra of minerals con-

Copsnight « TYRT The Clay Minerals Socieny

the potential energy wells shown is intended to rep-
resent the symmetrical breathing mode involving Fe-
O at a given Fe center. The potenual energy wells for
the two states are displaced from one another because
the Fe =0 equilibrium distance ditfers trom the Fe' -
O distance. By virtue of vibronic couphing, the electron
transfer between Fe centers occurs through a vibra-
tionally excited state (B*) of the molecule rather than
through an electrornically excited state. and the elec-
tronic ground state for (Fe' e ') 1s the same as tor
(Fe'"Fe' ). The amount of optical exartation required
for the transion (E | = E.* E,) depends on the
cquilibnum displacement. or difference in the position,
of the two potential energy curves. The difference s
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INTERVALENCE ELECTRON TRANSFER AND MAGNETIC EXCHANGE 2o}
. IN REDUCED NONTRONITE
A
” PauL R. LEAR AND JOSEPH W. STUCKI 4,
(
Department of Agronomy. University of lllinots q's
Urbana. litinois 61801 o
ol
Abstract — The effects of chemical reduction of structural Fe' in nontronite $Wa-1 (ferruginous smectite)
on intervalence electron transter (IT) and magnetic exchange were investigated. Visible absorption spectra o
in the region 800—-400 nm of a chemical reduction series of the SWa-1 nontronite revealed an 1T band '
near 730 nm (13,700 cm ). Both the intensity and position of this band were affected by the extent of _.?-
Fe reduction. The invensity increased until the Fe " content approached 40% of the total Fe. then decreased o’
slightly with more Fe:*. The positon of the band also shifted 1o lower energy as the exient of reduction ‘-P_
increased. ': ‘
Vanable-temperaturc magnetic suscepbbility measurements showed that the magnetic exchange 1n
unaltered nontronite is frustrated antiferromagneuc, but ferromagnetic in reduced samples. Magnetic »
ordering temperatures are 1n the range {0-50 K. depending on the extent of reduction. The ferromagnetic .
component in the magnetization curve increased with increasing Fe<* in the crystal structure. The positive "
paramagnetic interaction likely 1s due to electron charge transfer from Fe** to Fe'" through such structural o)
! linkages as Fe:'—=O-Fe'" (perhaps following a double exchange mechanism), which is consistent with the
visible absorption spectra. ‘.f
Key Words— Intervalence electron transfer, Iron. Magnetic susceptibility. Nontronite. Reduction. U'V- 0:
visible spectroscopy. i
. - . . . ..'P
INTRODUCTION taining Fe”" and Fe'' in their crystal structures (Hush, s
A . 4 by Stucki (1987 o ¢ 1967). The reduction of structural Fe*" in nontronite '_:t
F \$ reviewe g_ tucki (1 8 ). the oxidation state o results in a color change from vellow to green or blue- ‘-
be mhsmLc;ues]a ects many important clay properlies.  oreen This green or blue-green color has been identi- o
:” er})o_ccu:'r reactionsand mechanisms governing a4 a5 5 charge-transfer transition and attributed to L
t {SZ rbe auon: ps a.r‘c poorly understood. To under- the presence of Fe'* and Fe'" in the minceral structure P,
stan ;uer the specnhi processes thal occur, the Pres-  (Anderson and Stucki. 1979). -
em.su]x )]was ur}dcnadcn to examine lhc.nhan‘gcs n IT transitions occur via vibronic coupling of two 3
opuca (; cctronic) and magnetic properties of nON~  gaeq in 3 mixed-valence system (Schats, 1980). Vi- o
tronlnlc: t“asz:‘ccor.npan) chemical reduction of struc-  p onic coupling may be understood as the overlap of -~
tural ed. ¢ visible spectra (800-400 nm) of both 1. (ibrational potential energy wells of two symmet- -
una lsrc _ a"d,;educ?d nontronite samples were ob- o) qiares. ie.. (Fe'"Fe ') and (Fe'*Fe '), and is illus- L
1ained to ldem(; y the 1nlcryalence electron tra‘nsfcr(lT) trated by the vibrational potennial energy diagram pre- W
tran;mqns anc to ?etcrmmg the effect of Fe™ content  gonied in Figure 1 for clectron transfer in one of the e
on l;;ntcnsnt) of the IT transitions. Magnetic sus-  hormal modes (i.e.. an internal molecular coordinate o
cepidility :;‘nd magnetization measurements werc used 1000 which an independent vibration of the molecule KN
to assess the magnetic ordering and exchange inter-  ,cours) of the system. The particular normal mode of -:\
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referred to as the vibronic (or electron-phonon) cou-
pling parameter and is denoted by A. The point of
intersection (B) between the two curves defines the
classical energy of activation required for thermal elec-
tron transfer (E,, = E, — E,). Fora symmetrical mixed-
valence system, E_ exceeds E,, by a {factor of 4 (Hush.
1967).

wp

Magnetic ordering

Magnetic ordering 1s the directional alignment of
atomic magnetic moments due te interactions between
atomic centers. In matenals which order magnetically,
spontaneous ordering occurs only if the sample is below
some critical temperature (which vanes widely among
minerals) such that the magnetic interactions over-
come random fluctuations. In phyllosilicates. magnetic
ordering is due to the presence of paramagnetic ions
in the crystal structure, mainly high-spin Fe'* and Fe*"
which have atomic magnetic moments due to five and
four unpaired electrons. respectively. In iron-rich min-
erals such as nontronite, the type of exchange coupling
between magnetic cations on adjacent sites determines
whether the moments of neighboring cations are aligned
parallel (]) or antiparallel (1]). The method of exchange
via an intervening anion (i.e.. a shared O° ) is called
superexchange (Kramers, 1934; Anderson. 1950, 1959).
In oxides and clay minerals, the Fe:*—~O-Fe*" exchange
interactions are often ferromagnetic with the atomic
moments aligned parallel. and Fe'-—O-Fe'" exchange
interactions are generally antiferromagnetic. with the
moments aligned antiparallel (Goodenough, 1963: Bal-
let and Coey, 1982). For mixed-valent Fe' —-O-Fe'"
pairs, the magnetic coupling is ferromagnetic and may
be due to a charge-transfer process called double ex-
change (Zener, 1951).

MATERIALS AND METHODS
Materials

The nontronite used 1n this experiment was the <2-
um fraction of ferruginous smectite SWa-1 (Source Clay
Minerals Repository of The Clay Minerals Society) from
Grant County, Washington. It has a total Fe content
of 20.08% (3.595 mmole:g) and a structural formula
according to Goodman er al. (1976), of:

Nau “x(Si‘ MAIU “))(Ali rch_‘ ‘\1\1&1 _‘(-)O,‘H(OH)-P

No Fe was assigned to tetrahedral sites because, even
though Modssbauer work by Goodman er al. (1976)
reported small amounts 1n nontronites SWa-1 (6% of
total Fe) and Garfield (9% of total Fe), a more recent
study by Bonnin er a/. (1985), employing a varicty of
spectroscopic techniques. cast doubt on the presence
of tetrahedral Fe in these nontronites, Further. room-
temperature Mosshauer spectra of sample SWa-1 (Lear
and Stucki. unpublished). in which the ¢* axis of the
sample was oriented at 54.7° relative to the y-ray. re-
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Figure 1. Vibrational potential energy vs. configurational
coordinate tor electron transfer via vibronic coupling between
two symmetrical states of a single oscillator. A, in1ual state:
B*. vibrationally exctted state: B. thermally excited state: A,
vibronic coupling parameter; E . optical transttion energy:
E,.. thermal tra:sition energy. Energy of inihal state (fefi-hand
well) is same as final (nght-hand well) state (from Hush, 1967).

quired only two octahedral Fe'' doublets 1o obtain a
statistically acceptable fit (x* = 0.92 with 3 million
counts per channel). The clay was Na -saturated. di-
alyzed. and freeze-dried before use.

Methods

Suspensions of sample SWa-1 in a citrate-bicarbon-
ate (C-B) buffer solution were chemically reduced with
sodium dithionite (Na.S.0,) sait as described by Lear
and Stucki (1985). Ferrous iron was determined as de-
scribed by Stucki (1981); total Fe was determined by
atomic absorption.

All visible spectra were measured at room temper-
ature using a Beckman model 3230 UV-visible spec-
trophotometer equipped with a scattered transmission
accessory. A peristaltic pump ctrculated the clay sus-
pension (2.2 mg of clay mD through a flow cell to keep
the colloids suspended. The scattered transmission ac-
cessory virtuaily eliminated possible light-scattering
differences that were due to vanations 1n particle size
among samples. Magnetic susceptibility and magne-
tization measurements were obtained using a SQUID
(superconducting quantum interfering device) mag-
netometer from SHE Industries for powders of both
the reduced and nonreduced nontronite samples.

RESULTS AND DISCUSSION

Stucki ¢t al. (1984) recently reported that treatment
with C-B solution removes significant amounts of Al
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Figure 2. Visible absorption spectra tor reduced and unal-
tered suspensions of sample SWa-1 (2.2 mg clay mbn the
region SD0=400 nm. Inset reports Fe'- content of samples as
percentage of total Fe.

and lesser amounts of Fe and Si from clay structures.
They suggested. therefore. that some properties of sam-
ples reduced with dithionite in C-B could be artifacts
of dissolution rather than consequences of Fe reduc-
tion. In the present study, the effect of this treatment
on optical spectra and magnetic susceptibility was de-
termined by comparing an unaltered sample vitha C-B
treated sample. No difference was observed in the vis-
ible spectrum, and the magnetic susceptibility. al-
though shifted shightly in magnitude. exhibied the same
type of exchange interaction in both samples (A and
B. Figure 5). Observed differences between unaltered
and reduced nontronite. therefore, were attributed to
the effect of Fe oxadation state.

Intervalence electron transter

The IT transition in reduced sample SWa-1 was not-
ed as a broad band centered near 730 nm (13,700
cm ). which increased inintensity as the £ content
increased. then decreased slightly as Fe ™ exceeded 4%
of the towal Fe (8. Figure 2). The center of the band
also shifted to lower wavelength as the extent of re-

Table 1. Intensity and posien of antervalence electron
transter band tor reduced and unaltered SWa- 1 samples

b

Samp Mol todal ber Positon onnn Infensit. s
A $rQ 736 083
B S4.4 727 NI
e 29 AR 0778
D 252 BRI 070
|3 220 TS0 (1643
3 137 TS0 145
G R 0182
H 0 009

au  absorbance units tarbitrary)
No discernible maxvimum. Intensity histed was determined
at TS0 nm

Electron transter o reduced nontromie
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Figure 3. Predicted relationship between number of Feir -
O-Fc¢' hinkages and Feo content based on computer simu-

lation. Distribution patterns for diamagnetc ions irepresented
by AD used were homogencous (D) and random (R): distri-
bution patterns tor Fe'r were random (R) and nearest-neigh-
bor restricted (NN),

duction increased. This band 1s actually a composite
of many individual transttions ot Gaussian hineshape.
in which the distribution of these transinons deter-
mines the position and the profile of the band. The
change 1n posittion of the masimum as the degree of
reduction increased suggests that the distnibution of
individual [T transitions shifts toward higher energy
as more Fe' asantroduced into the mincral structure
(Table 1), This shift s especrally noticeable if the Feo-
comtent exceeds 23% of the total Fe (compare O and
D. Figure 2).

The mntensity ot the IT band increased directhy with
Fe'o content (expernimental points in Figure 42 Table
1y until about Fer = 400 of the total Fe, At thas Feor
content. the intensity decreased shightly (¢ spectra A
(40.9% Fe )y and B (34.4% Fe ) in Figure 2). therebn
sugpesting that the absorbance of the I'T band s a direct
reflection ot the number of Fe' =O=Fe' enuties. which
reach a theoretical maximum at Feoo = 50% of the
total e Substanual conversion ot Fe' -O=Fe' 1o be- =
O-Fc' at Fe'r contents - 30% of the total Fe would
produce a non-lincar intensity response. because the
Fe' -O-Fe¢™ groups do not contrnbute o the 1T pro-
ceoss. The tormation ol Feo —O=Fe an the structure 1s
governed by the probabihty of Feoan adiacent sites.
which m turn depends on the distribution pattern by
which Fe matrix (r.e.. with
or without nearest-nerghbor restrictionsy and on the
distribution of diamagncetic wons in the structure,

A computer method was developed 1o simudate the
oo vaomtenaity relationstup. In the ssamulation moa-
el the mtensity was represented by the numberof Feo~
O=Fe o morenies and the doctahedral sheet consisted

v introduced into the Fe!
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Figure 4. Comparison of observed intensity of the inter- T K
valence electron transfer band (O) relative to the unaltered ‘ L
nontronite SWa-1 with the intensity predicted by computer  Figure 5. 1'x vs. T for reduced and unaitered SWa-1 powder

simulations with random (——) and nearest neighbor restrict-
ed (----- } distribution patterns for Fe . Determination coef-
ficients (r°) were .96 and .99, respectively.

of 1600 cations distributed centrosymmetrically. i.e..
1200 Fe'" ions and 400 diamagnetic (e.g.. Al'", Mg™*
represented by Al) ions. Distribution schemes for the
Al ions were etther random or homogencous. A ran-
dom distribution pattern was used for the conversion
of Fe¢' to Fe'" during the reduction simulation, with
either no restrictions (denoted R). or a nearest-neigh-
bor restriction (denoted NN) which precluded Fe -
O-Fe- hinkages until no other combinations were pos-
sible.

The data in Figure 3 suggest that the diamagnetic
ion distribution (homogeneous or random) had hittle
influence on the Fe: =O-Fe' - vs. Fe " relationship. A
marked difference. however. was noted between the
two Fe' -reduction patterns. With no restrictions (R),
the number of Fe<-=O-Fe ' linkages followed Fe" non-
linearly. whercas simulation with the nearest-neighbor
restriction { NN} was close to lincar until a critical value
was reached (about 35-37% of the total Fe), bevond
which the restriction could no longer be enforced. A
comparison of these line shapes with the actual mea-
sured intensities (Figure 4) indicates that the NN model
more closely maiched the experimental results than
the R model. The cnitical value in the model is less
than 50% of the total Fe because of the presence of
diamagnetic ions. A typical average cnvironment
around Fe*- likely includes one Al and two Fe'" ions
at the cnucal value.

Magnetic exchange interactions

Based on the inverse susceptitility plots (1. x vs. T)
(Figure 3). sampies can be divided naturally into four

sampics obtained at 0.1 tesla. Cunie-Weiss Law parameters.,
obtained from the lincar portion of the curves, are histed in
Table 2.

groups: A and B, C and D. E and F. and G and H,
which correspond to degrees of reducuion of 0%, 8-~
14%, 34-44%, and 49-58% of total Fe. respectively.
All plots were analvzed using the Curie-Weiss law,
1/x = (T = 8)'C.in which Y 1s the measured suscepuibil-
ity. C is the Curie constant. and # is the Curie-Weiss
paramagnetic temperature. The values of C and #
(Table 2) were obtained from the slope and x-intercept
(1. x = 0). respectuively, of the lincar extrapolatnion of

1/x vs. T.
The first group consists of the unaltered (A) and C-B
treated (B) SWa-1 samples. The value of 8 = — 19 K

for the unaltered sample 1s comparable to those re-
ported previously of =20 K (Bonnin. 1981)and - 27
K (Balletand Coey. 1982). The negative value indicates
that Fe''-O-Fe' exchange is antiferromagnetic. Plots
of magnetization (M) vs. magnetic field (1D at 3 K for
sample (A) are also characteristic of antiferromagnetic
exchange (Figure 6). The failure of 1 x 10 increase
sharply at low T (Figure 3) indicates that long-range
magnetic ordering 1s absent, suggesung either chemucal
disorder or “frustratnon.” The presence and distribu-
tion of diamagnetic cations could produce chenmucal
disorder in the octahedral sheet by separating the mag-
netic cations into smali, 1solated clusters, thus pre-
venting long-range ordering. Alternatnels, “frustra-
tion would occur if the immediate Fe neighbors of
another Fe atom were neighbors of cach other, thus
preciuding simultancous satisfaction ot all antterro-
magnetic cxchange. 1.e..1f two adjacent moments were
aligned anti-paraltel (7)), the third could notahign anu-
parailel 10 both. Hence. the sysiem would be “frus-
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lf Vol. 35, No. 3. 1987 Electron transter in reduced nontronite e
. , Table 2. Cune constants () and Curie-Weiss temperature 350
:I' () determined for reduced and unaltered nontronite samples
: fe- . p o w\ueggo
'|' . ‘ % ot total bey femu mole K N 280 -] 221 Fo
" 0 9.1t ~19.2 ~
‘o 83 802 Lo ‘s
132 B892 123 -
. - 346 K 4738 x 210
. 442 322 493 ~
- 49,1 422 469 T';
“ 58.2 6.31 536 \i ’
N L 140
.._' -
trated.” Stmilar conclusions can be drawn for the C-B 70
. treated sample. The effects of chemical disorder and
.p: frustranon on long-range magnetic ordering in non-
\ tronites will be discussed 1n more detail by Lear and 1 1 | Bl
'j Stucks in a forthcoming publication. o 0.5 1.0 1.5 2.0 2.5
> A possible alternative explanation for the magnetic H (tesla)
behavior of samp‘les A an,d B is supcrparamagnetism. Figure 6. Magneuzation curves at 5 K for reduced (Fe-- =
e Superparamagngllc behavior at such low lemperatures, 220, of total Fe) and unaltered SWa-1 samples.
- however, is unlikely because of the large partcle size
_-'f of the clay mineral relative to known superparamag-
:- netic munerals, such as ferrihydrite (Coey and Read-  which the atomic magnetic moments on adjacent Fe
v man. 1973). atoms are aligned anuparalle). If a singlec Fe atom be-
- The other three groups (C and D. E and F, and G comes reduced. however, the lowest energy state for
™ and H) in Figure 5 are comprised of reduced samples.  magnetic ordering s that in which the non-exchanged
'~ As Fe'' 1n the octahedral sheet 1s converted to Fe’ ., electrons are aligned parallel, leading to ferromagnetic
; Fe:'—~O-Fe' pairs form to produce ferromagnetic in- ¢xchange. The inclusion of the extra electron due to
D teractions which lead to positive paramagnetic Curie  reduction. therefore. causes a rearrangement in the rel-
f;'- temperatures of about 10 to 55 K. depending on the  ative positions of the energy levels for Fe-O-Fe link-
- extent of reduction (Figure 5: Table 2). The magneti-  ages. This observed ferromagnetic exchange in the re-
. zation curve for a reduced (Fe' = 22% of the 1otal Fe)  duced sample suggests that the double exchange
sample at § K (Figure 6) also indicates the presence of  mechanism (Zener. 1951) may occur if Fe' =O-Fe’
:: ferromagnetic interactions. showing the rapid satura-  exchange takes place. This exchangeinvolves the trans-
::J tuon which is characteristic of a ferromagnet. fer of one electron, without changing spin. from Fe
o Samples C and D are slightly reduced and contain  to the shared O ton and the simultancous transter of
3 small amounts of Fe*' in a Fe' structure. resulting in an electron with parallel spin trom O to Fe' (Frgure
' small domains of Fe''=O-Fe''. The suscepubility is 7). This double exchange can occur only it the non-
dominated by the frustrated antiferromagnetic com-  exchanged clectrons on the Fe atoms are ahgned par-
N ponent seen in A and B. but the ferromagnetic com-  allel, otherwise the exchange would violate the Pauli
a: ponent is sufficiently prominent to produce posttive  exclusion principle (i.e.. any pair of clectrons 1in an
:;-. Curie-Weiss temperatures (Table 2). The moderately  orbital must be aligned anuparallel) and thus be tor-
_.: reduced samples (E and F) are dominated by ferro-  bidden. Theretore. Zener’s mechamsm of double-ex-
“a ' magnetic exchange in Fe' =O-Fe'. The amount of Fe- change tavors parallel alignment of spins of adjacent
S is sufficient (about 30-45% of the total Fe) that only a  cations. leading to terromagnetic exchange.
few unreduced domains reman an the structure. Fi- . o N
o , nally, samples G and H have sufficiently large Feo SUMMARY AND CONCLUSIONS
: contents that Fe-"=O-Fe¢' hinkages form at the expense The reduction of structural Fe o innontromite SWa- 1
_J" of Fe-'=O-Fe'". The Fo ' -O-Fe¢ ™ linkages introduce  suggests a model i which Fe' s randomly distnibuted
.: an additional ferromagnetic component. The NN maod-  1na centrossmmetnie Fe'' matrix, with the restrichion
W ¢l for the distmbution of Fe™ dictates that these link-  thatno Feo =O=Fc¢ ' pares form unul all possible e -
) ages occur only 1n highly reduced samples (Fe'- -33%  O<Fe' combinations have been made. Visible ab-
of the total Fe). sorption spectra indicate that the pronunent 1T band
‘:: As stated above, 1deally Fe''=O-Fe'" hinkages ox-  at about 730 nm anises from clectron charge transter
A hibit antiferromagnetic exchange: 1.¢.. at the magnetic  via vibronie couphing of Fe' and Fe i adjacent oc-
"' ordering temperature the fowest energy state s that in tahedral sites. bridged through an O hgand. Maenctic
1] :
N
~ 1 u
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Figure 7 Proposed mechanism 1o account for the ferro-
magnetic couphing for a mixed-valence system (Zener. 1951).
Exchanged clectrons are indicated by enclosure in either a
arcle or rectangle.

exchange between Fe'" jons were antiferromagnetc,
but the presence of chemical disorder or trustration
inhibited long-range ordening. The introduction of Fe**
by chemical reduction produced a ferromagnetic com-
ponent due to Fe'—O-Fe''. An addiuiona! ferromag-
netic component, due 1o Fe'-=O-Fe* - interactions. was
seen at higher levels of reduction (Fe’* >35% of the
total Fe).
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